1. Introduction {#sec1-polymers-09-00223}
===============

Plastic is a common name for many different materials and the great majority of them are synthetic. That is principally because is not easy to find natural alternative resources that can guarantee the same performance as synthetic polymers. In some cases, the use of natural polymers is possible because nature has already synthesized them in a way that can be exploited by humans. For instance, wool is mainly natural proteins synthesized directly by sheep, and cotton is a polymer of cellulose produced by a plant \[[@B1-polymers-09-00223],[@B2-polymers-09-00223]\]. In both cases we are just the final users of these materials, applying physical treatment to obtain the requested properties. In some cases, we modify the natural polymers chemically to have the opportunity to reuse them in different formations, such as in the case of viscose \[[@B3-polymers-09-00223]\]. It is much more complicated to produce polymers from bio-resources which originally have a lower molecular mass. In this case, polymerization reactions are requested to produce macromolecules, and the condensed tannins represent one of the few natural phenolic fractions which is suited to this purpose, without the need of heavy activation processes \[[@B4-polymers-09-00223],[@B5-polymers-09-00223],[@B6-polymers-09-00223],[@B7-polymers-09-00223],[@B8-polymers-09-00223]\].

Tannin is the common name for wood extracts containing a high amount of polyphenols, that can fix the proteins of the animal hide to produce leather \[[@B9-polymers-09-00223],[@B10-polymers-09-00223]\]. These polyphenols are produced by superior plants to protect the ligno-cellulosic material against biological and radiative degradation, due to their chemistry and their antioxidant capacity \[[@B11-polymers-09-00223],[@B12-polymers-09-00223],[@B13-polymers-09-00223]\]. Chemically they can be classified into two major families: condensed, and hydrolysable tannins \[[@B14-polymers-09-00223]\]. Condensed tannins are made of proanthocyanidin, of which the four main building blocks are: Profisetidin, procyanidin, prorobinetinidin and prodelphinidin \[[@B15-polymers-09-00223]\]. These molecules and their oligomers are characterized by having similar reactivity to that of phenol in the polymerization with formaldehyde. In [Figure 1](#polymers-09-00223-f001){ref-type="fig"}, the chemical structure of the prorobinetinidin oligomer, which is the predominant flavonoid in the mimosa tannin, is reported \[[@B16-polymers-09-00223],[@B17-polymers-09-00223]\].

According to the different chemical reactions possible, several molecules were selected for the hardening of the tannin extract: (i) The "known" hardeners: formaldehyde and hexamine \[[@B18-polymers-09-00223],[@B19-polymers-09-00223],[@B20-polymers-09-00223]\]; (ii) The dialdehydes, such as glyoxal, glutaraldehyde and *t*-phthaldialdehyde \[[@B21-polymers-09-00223]\]; (iii) the nitrogen-containing compounds such as dicyandiamide, caprolactam and chitosan \[[@B22-polymers-09-00223]\]; (iv) the di-poly functional acid/anhydrides, such as citric and phthalic acid, and maleic anhydride \[[@B23-polymers-09-00223]\] and finally (v) the furanic compounds \[[@B24-polymers-09-00223]\].

The main goal of the present research was to produce a set of tannin-based polymers in different conditions of pH (between 2.0 and 9.0) and temperature (from 20 to 103 °C) and determine their water resistances. Solid state ^13^C NMR and FT-IR of the insoluble fractions were performed to obtain information about the chemical structure of these macromolecules.

2. Materials and Methods {#sec2-polymers-09-00223}
========================

2.1. Materials {#sec2dot1-polymers-09-00223}
--------------

Mimosa (Acacia Mearnsii) tannin extract was provided by the company Silva team (S. Michele Mondoví, Italy). Hexamethylentetramine (Hexamine), glyoxal (sol. 40%) and maleic anhydride from Merck (Darmstadt, Germany); furfural from Lenzing (Lenzing, Austria); furfuryl alcohol from Transfuran chemicals (Geel, Belgium); formaldehyde (sol. \> 35%), glutaraldehyde, citric acid and phthalic acid from Roth (Karlsruhe, Germany); caprolactam, dicyandiamide from Aldrich (St. Louis, MO, USA) were used as possible comonomers while sulphuric acid from Roth and sodium hydroxide from Merck were used to modify the pH.

2.2. Methods {#sec2dot2-polymers-09-00223}
------------

### 2.2.1. Formulation Preparation and Hardening {#sec2dot2dot1-polymers-09-00223}

A wide set of tannin formulations were prepared in plastic test tubes of 50 mL volume; different amounts of hardeners were added to 20 g of a 33.3% solution of tannin in water at specific pH (2, 4.5, 7 and 9) levels. [Table 1](#polymers-09-00223-t001){ref-type="table"} shows the hardeners and the amounts in relation to the tannin, and finally, the pH. The acid pH was obtained by adding H~2~SO~4~ (33%); the pH of 4.5 is the value of the tannin solution, and the pH of 7 and 9 were obtained by adding a 33% water solution of NaOH. Once the formulations were completed, the plastic containers were sealed with screw caps, vigorously mixed and exposed to increasing temperature. The samples were stored successively at 20, 50, 70, 90 and 103 °C, keeping the samples 24 h for every temperature. The hardening temperature was registered for every sample when the test tube presented a solid block.

The solids were removed from the test tube after that the last heating phase (103 °C, 24 h) was concluded. They were firstly broken and then preliminarily grinded, before drying them at 60 °C for 24 h, in order to allow water and volatile compounds to evaporate. The materials obtained were further finely grinded, with pestle and mortar, until the powders presented homogeneous granulometry (\<300 µm) and stored again at 60 °C for a further 24 h.

### 2.2.2. Leachability Tests {#sec2dot2dot2-polymers-09-00223}

One gram of dry powder was then immersed in 100 mL of deionized water at 20 °C, and left under stirring for 1 h. The suspension was then filtered with a previously dried and weighed filter paper of 125 µm. The filter containing the insoluble was dried at 103 °C for 24 h. The dry weight of the powder was registered and the percentage of insoluble was reported. These tests were repeated three times per powder.

The insoluble leached powders of the polymer with 25% of hardener and with the pH which guaranteed the lower solubility (Formaldehyde pH = 4.5; Hexamine pH = 9; Glyoxal pH = 4.5; Maleic anhydride pH = 4.5; Furfural pH = 9; Furfuryl alcohol pH = 2) were then analyzed by solid state ^13^C NMR and FT-MIR.

### 2.2.3. ^13^C NMR Analysis {#sec2dot2dot3-polymers-09-00223}

Seven powders were measured with the solid state ^13^C NMR spectrometer, Bruker Avance III HD 400 Spectrometer (Bruker BioSpin, Rheinstetten, Germany), at the Chemistry department of the University of Natural Resources and Life Sciences of Vienna. The samples were measured with a 4 mm dual-broadband CP-MAS probe with a frequency of 100.66 MHz and acquired by TOSS (total sideband suppression) at ambient temperature with a spinning rate of 5 kHz. The chemical shifts were referenced externally against the carbonyl signal of glycine with δ = 176.03 ppm \[[@B25-polymers-09-00223]\].

The calculations of the theoretical chemical shifts were done with the software NMR Predict developed by the University of Lausanne (Luc Patiny) and the University of del Valle (Julien Wist) \[[@B26-polymers-09-00223],[@B27-polymers-09-00223],[@B28-polymers-09-00223]\].

### 2.2.4. FT-IR Investigation {#sec2dot2dot4-polymers-09-00223}

The same seven powders were analyzed with the Frontier ATR-FT-MIR from Perkin-Elmer (Waltham, MA, USA). Every powder was scanned three times, with 16 scans from 4000 to 600 cm^−1^ and the fingerprint spectral region between 1800 and 600 cm^−1^ was selected. Then the spectra were normalized, baseline corrected and averaged with the Unscrambler software by CAMO (Oslo, Norway).

### 2.2.5. Principal Component Analysis (PCA) {#sec2dot2dot5-polymers-09-00223}

The Unscrambler software was also applied to the study of the FT-IR spectra of the tannin-based hardened copolymers. It was performed applying the validation method NIPALS (NonLinear Iterative Partial Least Squares) on a full model size in the spectral region between 1800 and 600 cm^−1^.

3. Results and Discussion {#sec3-polymers-09-00223}
=========================

3.1. Copolymer Preparation {#sec3dot1-polymers-09-00223}
--------------------------

A wide range of tests were performed in order to determine which combination carried the most interesting materials and the principal findings are reported in [Table 2](#polymers-09-00223-t002){ref-type="table"}.

The table shows that 4% of formaldehyde s./s. already allows for the the polymerization of tannin. The favorite pHs are pH 2 and 9, when the polymer occurs already at room temperature. However, all the formulations cure when the temperature rises at pH 4.5 and 7 too. This observation is in line with previous studies \[[@B15-polymers-09-00223]\].

Hexamine is also a very efficient hardener for the Mimosa tannin, but in this case, the pH plays a major role. The tannin--hexamine formulation remain homogeneous only when the pH is alkaline or neutral. At pH 9, the polymer is homogeneous and occurs all over the solution, while at pH 7, there is a significant amount of unreacted material. The polymerization temperature varies between 50 °C for a high pH and high amount at 90 °C. Conversely, when the pH is acidic, the tannin complex with hexamine immediately produces a clear lumpy solid at room temperature, which has already been noticed elsewhere \[[@B29-polymers-09-00223]\].

The group of the aldehydes shows that only glyoxal produces a solid which requires at least 90 °C to cure, and the polymers produced are generally elastic. Glutaraldehyde produces a weak gel and *p*-phthaldialdehyde produces a two-phase solution at pH 9. Both hardeners do not show significant evidence of polymerization and therefore, they will not be considered any further.

The nitrogen containing compounds, caprolactam, chitosan and dicyandiamide, do not allow for the curing of tannin. Only chitosan at low pH produces some lumps similar to one produced by hexamine at these pH levels. None of these hardeners will be considered further.

In the group of the di-functional acids, the only one offering an interesting curing process is the maleic anhydride. Indeed, the tannin--maleic anhydride solutions produce elastic materials similar to the glyoxal with various percentages of hardener. Conversely, citric and phthalic acid tannin solutions remain liquid.

Finally, the group of furanics show several polymerization possibilities. Furfural produces solids from pH 4.5 to 9.0, with a significant amount of hardener. The higher the pH, the lower the curing temperature observed. The furfuryl alcohol only produces polymers at pH 2 and high temperatures. The polymers of these two hardeners will be both analyzed.

In summary, the most promising hardeners were formaldehyde, hexamine, glyoxal, maleic anhydride, furfural and furfuryl alcohol, and their tannin polymers, which then underwent water leaching.

3.2. Leaching Resistance {#sec3dot2-polymers-09-00223}
------------------------

The solids identified after curing as potential tannin--polymers were tested for their leaching resistance, and the results registered are summarized in [Figure 2](#polymers-09-00223-f002){ref-type="fig"}.

It can be seen that every hardener presents its maximal water resistance at different pHs: Formaldehyde produces its more insoluble polymer at pH 4.5 and 7.0 (88.63% and 88.38%, respectively). This result was unexpected because the tannin--formaldehyde polymers at pH 2.0 and 9.0 occurs at lower temperature. This could be explained by a more compacted arrangement for the molecules, which become solid at higher temperature. Hexamine polymers have a higher leaching resistance at pH 9.0 (83.71%). Glyoxal--tannin polymers cure almost simultaneously between 90 and 103 °C, but also in this case the polymer produced at pH 4.5 produces more insoluble results (78.05%). Tannin--Maleic anhydride polymers occur only when the pH is very low. The formulation with the original pH of 4.5 produces results that are more resistant against leaching (69.34%); it has to be noted that 25% of maleic anhydride (*w/w* tan) contributes to significantly decreasing the pH value (1.8) of the formulation. Tannin--furfural polymers are more easily produced at alkaline pH (9.0) and in this case, these polymers produce results that are also more insoluble (82.20%). Furfuryl alcohol reacts with tannin only in acidic environments, and the leaching resistance observed for the solid produced at pH 2.0 was 82.19%.

The polymers which presented higher leaching resistances were Formaldehyde (4.5), Hexamine (9.0), Glyoxal (4.5), Maleic anhydride (4.5), Furfural (9.0), and Furfuryl alcohol (2.0). These were analysed by ^13^C NMR and FT-IR to determine the chemistry which explains these results, by considering the leached polymers with excess hardener (25%), in order to maximize the spectroscopic evidences.

3.3. ^13^C NMR Investigation {#sec3dot3-polymers-09-00223}
----------------------------

The chemical information of a solid state ^13^C NMR spectra of the tannin--polymers can be divided in 4 spectral regions. The region between 190 and 140 ppm of the C~Arom~ directly bonded with oxygen (C~Arom~--O); the region between 140 and 90 ppm of the C~Arom~ did not directly connect with oxygen (C~Arom~--C and C~Arom~--H); the region between 90 and 50 of C~aliph~ directly bonded with oxygen (C~Aliph~--O) and the region 50--10 ppm of the C~aliph~ did not directly bond with an oxygen (C~Aliph~--C and C~Aliph~--H).

### 3.3.1. Tannin--Formaldehyde (pH = 4.5) {#sec3dot3dot1-polymers-09-00223}

In [Figure 3](#polymers-09-00223-f003){ref-type="fig"}, the solid state ^13^C NMR spectrum of the tannin--formaldehyde polymer in comparison with that of the industrial tannin extract, is reported.

The polymerization chemistry of phenols, which is certainly the most known, is that with formaldehyde \[[@B14-polymers-09-00223],[@B30-polymers-09-00223]\]. Condensed tannins have similar reactivity to that of phenol and therefore, it is expected that its polymerization follows similar patterns involving a methylol activation of the resorcinol ring (ring A), which evolves into methylene bridges (φ--CH~2~--φ) \[[@B31-polymers-09-00223]\] and/or to intermediate (di)methylene-ether bridges (φ--CH~2~--O--CH~2~--φ) \[[@B32-polymers-09-00223],[@B33-polymers-09-00223]\]. The regions of the methylene-ether bridge (\~70 ppm) and that of the methylene bridge (\~30 ppm) result both highly increased with a major impact for the methylene-ether bridges. Chains of methylene-ethers groups, such as φ--CH~2~--O--CH~2~--O--CH~2~--φ and free *p*-formaldehyde, can be excluded due to the absence of signals between 90 and 100 ppm, while the presence of unreacted methylol groups (--CH~2~--OH) can be observed in the small amount at 55 ppm. These methylol branches can oxide to aldehyde and to acid, and the two small signals at 195 and 175 ppm confirm this statement. The ^13^C NMR spectrum of the tannin--formaldehyde polymer presents major modifications in the region between 140 and 90 ppm (C~Arom~ region). The more significant band increase occurs at around 120 ppm, and the major decrease occurs at 105 ppm. These two absorptions are strongly interconnected because they are related to the --OH free aromatic positions of both the resorcinolic ring (C5, C6, C8 and C10) and the pyrogallic (C1', C2' and C6') ring of the prorobinetinidin \[[@B34-polymers-09-00223]\]. When these positions are substituted, they absorb at higher frequencies (lower magnetic fields). The positions available for being activated are C5, C8 (or C6) and C2'and C6'. The calculated activation for C5 moves from 128 to 136 ppm and the latter value is outside the area of peak increase, so it is possible to state that it does not occur or that it occurs only in a very limited way. The calculated C8 position shifts from 97 to 111 (or 115 for methylene ether bridging) and it is perfectly acceptable; in particular, the amount at 98 ppm of the tannin alone disappears completely in the spectrum of the polymer \[[@B35-polymers-09-00223],[@B36-polymers-09-00223]\]. This means that the position C8 produces results that are almost completely activated. The other positions C6, C2'and C6' shift from 111--114 to 124--126 and therefore, the three can be involved in methylene or methylene-ether bridges or the simple --CH~2~--OH activation. Even if the pyrogallic ring is far less reactive than the resorcinolic one, the excess of formaldehyde and the long heat exposure allow this electrophilic aromatic substitution as well.

In summary, the formaldehyde-polymerized tannins produced methylene-ether and methylene bridges predominantly in the C8, but also in C6, C2'and C6'. The position C5 was not activated. Small portions of unreacted methylol groups, and derived aldehyde and acid, were also observed. Example of the co-polymerization between tannin and formaldehyde are reported in [Figure 4](#polymers-09-00223-f004){ref-type="fig"}.

### 3.3.2. Tannin--Hexamine (pH = 9.0) {#sec3dot3dot2-polymers-09-00223}

Tannin--hexamine polymers have been known for decades as wood adhesives \[[@B15-polymers-09-00223],[@B37-polymers-09-00223]\]. Several applicative studies were developed \[[@B38-polymers-09-00223],[@B39-polymers-09-00223],[@B40-polymers-09-00223]\] and only a few more detailed studies were done to understand the way in which hexamine reacts with tannins \[[@B41-polymers-09-00223],[@B42-polymers-09-00223]\]. These studies were conducted in different polymerization conditions. Pizzi and Tekely presented a model where methylene and benzylamine bridges were established, and Pichelin et al. explained that the crosslinking occurs through the formation of reactive imines, and the study of Pena et al. confirmed these findings. In [Figure 5](#polymers-09-00223-f005){ref-type="fig"} the spectrum of the tannin--hexamine polymer is compared with that of the industrial tannin extract.

The two major absorptions in the area between 90 to 60 and 60 and 20 ppm are related to the non-aromatic part of the polymer. In particular, these two regions can be attributed to hexamine derived bridges: simpler di-benzylamine bridges in which linear crosslinks are involved, such as φ--CH~2~--NH--CH~2~--φ and also longer ones, such as φ--CH~2~--NH--CH~2~--NH--CH~2~--φ, and even slightly branched (but not cyclic) crosslinks are responsible for the broad signal at high fields (20--60 ppm); when the hexamine opens partially and remain cyclic, these carbon atoms absorb at lower field between 90 and 60 ppm. The differently opened hexamine adducts present NH-- groups which can also be directly connected to the phenolic ring (e.g., φ--NH--CH~2~--). Therefore, it is very hard to determine a preferential polymerization pattern, due to the contained absorption in the region of 140 ppm, and so the φ--CH~2~--NH-- attached are probably preferred to the φ--NH--CH~2~--. It has to be noted further, that according to Pichelin, --NH--CH~2~--O-- groups cannot be excluded, and they also would absorb at around 70 ppm.

Similar to formaldehyde, the very broad signal at around 120 ppm of the OH-- free aromatic carbons is shifted to a lower field, because these positions will be substituted. In this case, the hexamine also reacts well in the C8, but there are no positions that can be excluded for electrophilic attack.

The bands at 175 and 165 ppm could be due to ionic arrangements. The signal at 175 ppm is due to the deprotonation of the C7 to C--O-- and the signal at 165 is due to the deprotonation of the hydroxyl groups on the B-ring (C3', C4' and C5'), and in this broad band, the --N--CH=N-- bridges also have to be included. The strong signal decrease at 145 ppm, which typically belongs to the C3', C4'and C5', validates their ionic structure, confirming the model proposed by Pichelin et al. \[[@B29-polymers-09-00223]\] and it suggests that this arrangement occurs principally in the pyrogallic ring.

In summary, the polymerization mechanism of tannin and hexamine is very complex and constituted of two parts: The covalent crosslinking which is allowed by various hexamine-derived moieties is principally activated in the ring from the methylene side (less from the amino-side), and to a lesser extent, also in ionic arrangements involving principally the B-ring. In [Figure 6](#polymers-09-00223-f006){ref-type="fig"}, one example of tannin--hexamine polymerization is represented.

### 3.3.3. Tannin--Glyoxal (pH = 4.5) {#sec3dot3dot3-polymers-09-00223}

The tannin polymers hardened with glyoxal were more recently developed \[[@B21-polymers-09-00223]\], but unfortunately, no detailed studies have been done in order to understand the polymerization mechanism. In [Figure 7](#polymers-09-00223-f007){ref-type="fig"}, the spectra of the tannin--glyoxal polymer is compared with that of the original tannin extract.

Apparently, the reaction seems easy: the dialdehyde reacts with the two functional groups in the activated positions of the flavonoid, producing a diolic crosslink (--CH(OH)--CH(OH)--) or its subsequent enol (--CH=C(OH)-- ↔ --CH~2~(--C=O)--), as proposed by Ramirez et al. for phenolic adducts \[[@B43-polymers-09-00223]\]. These two arrangements explain the majority of the peak in the spectrum of [Figure 7](#polymers-09-00223-f007){ref-type="fig"}. Principal conformation of the glyoxal-polymerized tannin is the φ--C(OH)=CH--φ, with very limited occurrence of the keto--enolic equilibrium, because a very small C=O bond is observed (at 205 ppm). The diole structure also occurs and it explains the increase of the signal at around 75 ppm. The increase of the signal at 145 ppm is due to glyoxal only when one of the functional group reacts. Hence, the presence of partially reacted glyoxal is not negligible. In the region 50 to 0 ppm, the patterns are similar to the ones of the tannin powder. Only a new signal at 45 ppm can be observed and it could be due to the formation of a contained number of glyoxal chains e.g., O=C--CH~2~--CHOH--CH--.

In this case the shift of the C~arom~ region is contained, and only a considerable increase of the signal at around 115 ppm can be observed. This suggests that the electrophilic substitution occurs, to a more limited extent, in the same way as it does for formaldehyde and hexamine, and that the C8 position is exclusively preferred.

The majority of the crosslinks in the tannin--glyoxal polymer can be represented by the following schema in [Figure 8](#polymers-09-00223-f008){ref-type="fig"}.

### 3.3.4. Tannin--Maleic Anhydride (pH = 4.5) {#sec3dot3dot4-polymers-09-00223}

The polymer between tannin and maleic anhydride was not described before in the literature and its ^13^C NMR spectra is presented in [Figure 9](#polymers-09-00223-f009){ref-type="fig"}. Esterification reactions between tannin and organic acids, such as acetic and propionic acid in 2-pentanone, were proposed to increase the hydrophobicity of the tannin \[[@B23-polymers-09-00223]\]. In our case, the reaction occurs in water, but still, some interesting similarities can be observed.

For instance, the new signal at around 175 ppm has to be attributed to the carboxyl group of the ester. In contrast to the other hardeners, this time the increased signal at 120 ppm is due to the C=C double bond of the maleic anhydride, and no shift to a low field is observed (no aromatic ring activation). The broad signal at 75 ppm is due to the C3, which hydroxyl group results esterified. Therefore, this is the most frequently occurring mechanism. The new set of signals between 40 and 50 ppm could be attributed to the carbon of the Diels--Alder coupling of the resorcinolic ring with the double bond of the maleic anhydride \[[@B44-polymers-09-00223]\], even if it occurs in a contained extent. The major polymerized adduct is represented by [Figure 10](#polymers-09-00223-f010){ref-type="fig"}.

### 3.3.5. Tannin--Furfural (pH = 9.0) {#sec3dot3dot5-polymers-09-00223}

Furfural--tannin polymers were discovered and studied in the 1980s \[[@B24-polymers-09-00223],[@B45-polymers-09-00223]\] because they represented a way to produce a completely natural polymer. These studies introduced the polymerization of tannin--furfural exploiting the self-polymerization of the aldehyde.

The mechanism proposed by Foo and Hemingway explains all the signals of the spectrum of the tannin--furfural polymer. In [Figure 11](#polymers-09-00223-f011){ref-type="fig"}, the major peak at around 110 ppm is very intense because the C2 and C3 of the furanic ring, while the other two signals are absorbed at 141 and 156 ppm, which overlaps with the aromatic C--O of the tannin. The carbon has the carbonyl result reduced and directly bonds with two resorcinolic rings and is absorbed at \~40 ppm. When the furfural reacts with only one ring, the resulting alcohol absorbtion is at around 70 ppm, which explains the increase of that signal in the spectrum. The furfural can also self-react, producing furanic chains where the methylene group between two furanic rings absorbs at around 30 ppm, and the side with unreacted carbonyl absorbs at 175 ppm. These chains can also develop in the Diels--Alder arrangement, which would confirm the signal increase at high fields. Also, for this co-monomer, a shift in the signal of the aromatic C--H is observed, which suggests the activations of these positions. The amount over 200 ppm can be due to a few of the furanic rings that open producing carbonyl groups. The related methylene groups due to this opening contributes to the signal at around 40 ppm \[[@B46-polymers-09-00223]\].

[Figure 12](#polymers-09-00223-f012){ref-type="fig"} summarises the more probable polymer of tannin--furfural results, where the reduced methylene group of furfural produces a bridge between tannin oligomers. However, chains of furfural which can present the tridimensional Diels--Alder arrangement and furanic ring opening, cannot be excluded.

### 3.3.6. Tannin--Furfuryl Alcohol (pH = 2.0) {#sec3dot3dot6-polymers-09-00223}

In [Figure 13](#polymers-09-00223-f013){ref-type="fig"}, the tannin--furfuryl alcohol spectrum appears to be very similar to that of tannin--furfural. These polymers are not new in the literature because they are constituted of adducts which were already considered for rigid foams and adhesives \[[@B47-polymers-09-00223],[@B48-polymers-09-00223],[@B49-polymers-09-00223],[@B50-polymers-09-00223]\]. In these studies, the intimate interconnection between tannin and furanic moieties was established and the presence of the Diels--Alder rearrangement was also proposed, but until now, no ^13^C NMR study has been done \[[@B51-polymers-09-00223],[@B52-polymers-09-00223]\].

In this case, the presence of the furanic ring can be easily observed by the signal in regions around 110, 145 and 155 ppm. The major difference between this spectrum and that of the tannin--furfural previously discussed is the presence of a more intense band at high field 30--10 ppm which can be attributed to a more favoured Diels--Alder rearrangement by the acidic environment. The presence of some --OH in the polyfurfuryl chain would be absorbed at around 75 ppm, which is also not new for these materials \[[@B53-polymers-09-00223]\].

The presence of the high signal at 110 ppm hides the increase of the phenolic activation; however, if we compare the relative intensities of the peaks at 120 with that at 130 ppm, it appears clearly that in this case the electrophilic aromatic also substitution occurs. In this case too, the furanic ring opening cannot be excluded, due to the presence of the signal at a very low field (210 ppm).

In summary, the activation through furfuryl alcohol seems to be similar to that of furfural, with a more significant amount of Diels--Alder arrangements and/or ring openings. [Figure 14](#polymers-09-00223-f014){ref-type="fig"} shows a possible reaction product.

It is worth noting that for every polymer there is a general reduction of the peak at around 72 ppm and the disappearance of the small shoulder at 92 ppm, which can be attributed to the loss of easy sugars after leaching.

3.4. FT--IR Spectroscopy {#sec3dot4-polymers-09-00223}
------------------------

The spectra of the industrial tannin powder and that of the six possible polymers are reported in [Figure 15](#polymers-09-00223-f015){ref-type="fig"}. The infrared region between 1800 and 600 cm^−1^ is the most significant for tannin extracts and it can be interpreted by separating it in four different regions \[[@B54-polymers-09-00223]\]:

C=O region (1800--1650 cm^−1^): In this region there are the absorbances of the C=O stretching. All of the powders present some absorbance in this region and the "activated" tannins show a significant increase, which must be due to nature or to the interaction of the hardener with tannin. For the reaction model proposed for maleic anhydride and glyoxal, the C=O group is due to the moiety itself; for furfural and furfuryl alcohol it is due to the furan ring opening, while for hexamine this is due to the broad stretching of the secondary amines \[[@B55-polymers-09-00223]\]. In the tannin--formaldehyde copolymer, this signal should be due to the presence of oxided methylol branches.

Aromatic region (1650--1400 cm^−1^): The region at around 1600 and 1500 cm^−1^ is typically due to aromatic C=C stretching and it looks relatively similar for every powder except tannin--formaldehyde and tannin--hexamine. These two show limited absorptions at around 1500 cm^−1^ which could be due to possible delocalization of the π electrons, when the structure becomes polymerized. Another possibility is due to the shifting of the signal to around 1450 cm^−1^ which, indeed, appears broader for every tannin--hardener formulation and it can be assigned to several transitions involving aromatic atoms: C-H bending as well as C--O and C--C stretching are all possible. The broader profiles of this spectral area suggest some similarity between the "activated formulations".

C~arom~--O region (1400--1100 cm^−1^): The band at around 1350 cm^−1^ that can be attributed to the C--O stretching of pyrogallic moieties become less intense when hardeners are added, except for the formaldehyde cured resin. The signal at 1160 cm^−1^ decreases/disappears for formaldehyde, hexamine, glyoxal and furfural, while it resists in the case of maleic anhydride and furfuryl alcohol. This signal has to be attributed to C--O stretching and C--C bending of aromatics. Furthermore, formaldehyde and hexamine present a broader peak in the region close to 1100 cm^−1^, due to C--H bending of aromatic. These observations might be attributed to sterical hindrance of the polymerized molecule. In particular, the new tannin structures obtained with hexamine and formaldehyde may result as tightly interconnected.

Low wave number region (1100--600 cm^−1^): Some information can be observed also in this region. The signal close to 1040 cm^−1^ is lower and broader for every hardener; the signal at 980 cm^−1^ disappears for every formulation, except for maleic anhydride and furfuryl alcohol. The signal at 840 cm^−1^ decreases for every formulation and disappears for formaldehyde and hexamine. Finally, a small new signal at 680 cm^−1^ can be observed for all formulations except maleic anhydride. These signals are very difficult to interpret, but they can also participate in defining different families of adduct.

According to this line of thought, we can clearly distinguish the "highly cross-linked" polymers constituted by the tannin--formaldehyde and the tannin--hexamine formulations, which present no/low signal at 1500 cm^−1^, the broader profile in the region around 1450 cm^−1^ as well as a smooth profile at higher frequencies, which is due to the compacted arrangement of the tannin moieties. The other hardeners can be all classified as "low cross-linked" even if some small differences can be highlighted.

The principal component analysis can be exploited to unscramble the classification. In [Figure 16](#polymers-09-00223-f016){ref-type="fig"} the three principal components for every powder are presented in a 3D graphic.

We can observe that the "high-crosslinked" copolymers and the tannin extract have negative PC3 while the "low cross-linked" stay relatively close in the same PC3-positive area. Even if the spectra of the first group present a similar value to that of PC3, they are very different because they are located in three different regions: the tannin extract presents negative PC1 and positive PC2; formaldehyde shows negative PC2; and hexamine has positive PC1 and PC2. Conversely, the "low cross-linked" polymers have similar PC1 and PC3 and they appear more similar to tannin--formaldehyde at least in terms of PC1 values. A suggestive interpretation of these results can be the following.

High values of PC1 and/or PC2 might be related to high molecular masses/high cross-linking degree. This observation can be done also on the basis of the strong modification of the region between 140 and 90 ppm of the ^13^C NMR spectra, and on the very broad profile of the FT-IR spectra of the tannin--formaldehyde and tannin--hexamine copolymers. High values of PC2 and/or PC3 might be related to the length of the branches at the consequent degree freedom of the copolymer between chains. This explanation is suggested by observing that formaldehyde produces short methylene or methylene-ether bridges and registers relative low values for PC2 and PC3, while hexamine and maleic anhydride produces complex --NH--CH~2~-- chains and 6-atomic (ring opening) bridges as well as high PC2 scores.

4. Conclusions {#sec4-polymers-09-00223}
==============

Several Mimosa tannin copolymers have been produced by simple hardening a 33% tannin solution with different monomers, at various concentration, pH and temperature conditions. The formulation that resulted as solid after the heating phase was than leached to establish which of the outcomes was really polymerized. Six hardeners, namely formaldehyde, hexamine, glyoxal, maleic anhydride, furfural and furfuryl alcohol produced effective results and the tannin--hardener polymers were then analysed by solid state ^13^C NMR and FT-IR to identify the product of the reactions.

Formaldehyde: The polymer that resulted was highly water resistant and the polymerization through methylene and methylene--ether bridges was confirmed. The prorobinetinidin was highly activated and the only aromatic position that was unaffected was the C5, while the C8 was completely activated. A small portion of unreacted methylol groups was also noticed. The FT-IR suggests that the copolymer is highly crosslinked.

Hexamine: The copolymer of tannin--hexamine is very hard to understand because complicated activations were observed. The majority of the crosslinking were --CH--NH-- chains where sometimes the original 6-term ring remains. However, the ionic arrangement cannot be excluded. Also this copolymer was highly reticulated.

Glyoxal: The spectra of the tannin--glyoxal copolymers can be understood considering two similar cross-linkages: the diolic (--CH(OH)--CH(OH)--) and the enolic (--C(OH)=CH--). These polymers were not very cross-linked and the activation occurred to a lesser extent and with high probability principally in the C8 of the proanthocyanidin. Part of the glyoxal that activated the aromatic ring does not crosslink at all, leaving the second carbonyl group unreacted.

Maleic anhydride: Esterification reaction occurred between the tannin and maleic anhydride. This esterification may occur in different hydroxyl groups, but the more probable is the aliphatic --OH in position 3. Some evidence of the Diels--Alder arrangement were also observed in the ^13^C-NMR. The FT-IR spectrum of this copolymer also shows low cross-linking patterns.

Furfural: The polymerization of furfural is well-explained by previous studies, where the carbonyl group results directly combined with two phenolics. However, the furfural can also produce chains where the heterocycle can further explain the presence of the carbonyl group. Additionally, this copolymer was low cross-linked.

Furfuryl alcohol: In this polymer the polymerization involved a significant amount of homo-polymerization of furfuryl alcohol that combined with the tannin oligomers into complex structures. Additionally, in this case, the opening of the furanic ring occurred and Diels--Alder arrangement occurred. The FT-IR suggests that this polymer has a limited crosslinking degree.
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![Prorobinetinidin structure: Resorcinolic A-ring and pyrogallic B-ring.](polymers-09-00223-g001){#polymers-09-00223-f001}

![Leaching resistance of the tannin polymers with different hardeners and pH.](polymers-09-00223-g002){#polymers-09-00223-f002}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--formaldehyde polymer (red).](polymers-09-00223-g003){#polymers-09-00223-f003}

![Polymerization reaction of Mimosa tannin with formaldehyde. Methylene-ether and methylene bridges.](polymers-09-00223-g004){#polymers-09-00223-f004}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--hexamine polymer (red).](polymers-09-00223-g005){#polymers-09-00223-f005}

![Possible reaction products of tannin--hexamine polymers. Dimethylene amine and cyclic hexamine-derived moieties.](polymers-09-00223-g006){#polymers-09-00223-f006}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--glyoxal polymer (red).](polymers-09-00223-g007){#polymers-09-00223-f007}

![Possible reaction product of tannin--glyoxal polymers.](polymers-09-00223-g008){#polymers-09-00223-f008}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--maleic anhydride polymer (red).](polymers-09-00223-g009){#polymers-09-00223-f009}

![Possible reaction product of tannin--maleic anhydride polymers.](polymers-09-00223-g010){#polymers-09-00223-f010}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--furfural polymer (red).](polymers-09-00223-g011){#polymers-09-00223-f011}

![Possible reaction product of tannin--furfural polymers.](polymers-09-00223-g012){#polymers-09-00223-f012}

![Solid state ^13^C NMR of the original tannin extract (blue) and the leached tannin--furfuryl alcohol polymer (red).](polymers-09-00223-g013){#polymers-09-00223-f013}

![Possible reaction product of tannin--furfuryl alcohol polymers.](polymers-09-00223-g014){#polymers-09-00223-f014}

![FT-IR spectra of the different leached tannin-based solids.](polymers-09-00223-g015){#polymers-09-00223-f015}

![Principal component analysis of the FT-IR spectra of the industrial tannin extract in comparison with the six tannin-based copolymers.](polymers-09-00223-g016){#polymers-09-00223-f016}

polymers-09-00223-t001_Table 1

###### 

Design of curing experiment: Hardener, amount and pH.

  Family of Hardeners   Hardener                                        Amount (% s./s. tannin)   pH
  --------------------- ----------------------------------------------- ------------------------- --------------
  Known                 Formaldehyde, Hexamine                          4%, 6%, 8% and 25%        2, 4.5, 7, 9
  Aldehydes             Glyoxal, Glutaraldehyde, *p*-phthaldialdehyde   6%, 12.5%, 25% and 50%    2, 4.5, 7, 9
  Nitrogen compound     Caprolactam, Dicyandiamide, Chitosan            6%, 12.5%, 25% and 50%    2, 4.5, 7, 9
  Acids                 Citric acid, Maleic anhydride, Phthalic acid    6%, 12.5%, 25% and 50%    2, 4.5, 7, 9
  Furanics              Furfural, Furfuryl alcohol                      6%, 12.5%, 25% and 50%    2, 4.5, 7, 9

polymers-09-00223-t002_Table 2

###### 

Set of polymerization experiments of tannin solutions with different hardeners, amounts, pH levels and temperatures.

  Hardener               Amount            pH         Hardening Temp. (°C)   Observations
  ---------------------- ----------------- ---------- ---------------------- ---------------------------------
  Formaldehyde           4%, 6%, 8%; 25%   Every      20 to 103              pH 2 and 9 hardens at lower *T*
  Hexamine               4%, 6%, 8%; 25%   9, 7, 9    50 to 90               Homogeneous polymers
  Glyoxal                12.5%, 25%        Every      90 to 103              Elastic solids
  Glutaraldehyde         50%               9          70                     Weak gel
  *p*-Phthaldialdehyde   12.5%             9          50                     Two phases
  Caprolactam            Any               Any        No hardening           Remains liquid
  Chitosan               Any               Any        No hardening           Remains liquid/clumps
  Dicyandiamide          Any               Any        No hardening           Remains liquid
  Citric acid            Any               Every      No hardening           Remains liquid
  Maleic anhydride       12.5% to 50%      2, 4.5     100                    Elastic solid
  Phthalic acid          Any               Every      No hardening           Remains liquid
  Furfural               25%, 37.5%        Every      103, 70, 50            High amount/pH → Solid
  Furfuryl alcohol       12.5%, 25%        2, (4.5)   90, 103                Hard, black solid
